We have reexamined the origin of the apparent di †erentiation between nitrogen-bearing molecules and complex oxygen-bearing molecules that is observed in hot molecular cores associated with massive protostars. Observations show that methanol is an ubiquitous and abundant component of protostellar ices. Recent observations suggest that ammonia may constitute an appreciable fraction of the ices toward some sources. In contrast to previous theories that suggested that N/O di †erentiation was caused by an anticorrelation between methanol and ammonia in the precursor grain mantles, we show that the presence of ammonia in mantles and the core temperature are key quantities in determining N/O di †erentia-tion. Calculations are presented which show that when large amounts of ammonia are evaporated alkyl cation transfer reactions are suppressed and the abundances of complex O-bearing organic molecules greatly reduced. Cooler cores (100 K) eventually evolve to an oxygen-rich chemical state similar to that attained when no ammonia was injected, but on a timescale that is an order of magnitude longer (D105 yr). Hotter cores (300 K) never evolve an O-rich chemistry unless ammonia is almost absent from the mantles. In this latter case, a complex O-rich chemistry develops on a timescale of D104 yr, as in previous models, but disappears in about 2 ] 105 yr, after which time the core is rich in HCN, and NH 3 , other N-bearing molecules. There are thus two ways in which N-rich cores can occur. We brieÑy discuss the implications for the determination of hot-core ages and for explaining N/O di †erentiation in several well-studied sources.
INTRODUCTION
Observations show that the hot molecular gas in the vicinity of massive protostars contains a rich variety of nitrogen-bearing organic molecules (CHN). Blake et al. (1987) originally characterized the well-studied hot core and compact ridge in Orion A, respectively, as nitrogen-rich and oxygen-rich molecular sources. More recent observations of the Orion A cores, however, show that the N/O molecular di †erentiation is not as distinct as previously supposed (Sutton et al. 1995) . Both cores contain enhanced CH 3 OH abundances, and the hot core does contain some O-bearing organics although their abundances do appear to be higher in the compact ridge (Sutton et al. 1995 ; Blake 1999) . The hot cores Sgr B2(N) and G34.3]0.15 are also known to possess high abundances of both and NH 3 CH 3 OH, in addition to the putative "" daughter ÏÏ molecules HCN, and (Vogel, Genzel, & Palmer 1987 ; Miao et al. 1995 ; Macdonald et al. 1996 ; Kuan & Snyder 1996 ; Mehringer & Snyder 1996) . Spatial N/O di †erentiation has also been observed in other sourcesÈW3(OH) (Wyrowski et al. 1999 ), G29.96-0.02 (Pratap, Megeath, & Bergin 1999) , and G5.89-0.39 (Thompson & Macdonald 1999) Èsuggesting that this phenomenon may be quite generally associated with the earliest stages of massive star formation (Kurtz et al. 2000) . Charnley, Tielens, & Millar (1992) demonstrated that evaporation of ices containing but not NH 3 , C H 3 OH, could drive a nitrogen chemistry that reproduced many of the observed abundances ; ices containing but no CH 3 OH produced an O-rich chemistry similar to that of the NH 3 compact ridge. Caselli, Hasegawa, & Herbst (1993) presented a chemical model for the formation of the Orion KL region in which the postulated solid state ammonia/ methanol di †erentiation could occur. In the Caselli et al. model, many other N-bearing organics were also formed on the grain surfaces.
Recent observations of protostellar ice spectra are now challenging this picture. Methanol is widely observed to constitute D1%È30% of the mantle relative to water ice (Dartois et al. 1999 ; Ehrenfreund & Schutte 2000 ; Ehrenfreund & Charnley 2000) . Ammonia ice has been positively detected in NGC 7538 IRS 9, where it makes up D10% of the mantles, comparable to solid methanol (Lacy et al. 1998) . Infrared Space Observatory observations of W33A and Sgr A show that may constitute up to D20%È NH 3 30% of grain mantles (Gibb et al. 2000 ; Chiar et al. 2000) . These observations therefore suggest that solid state NH 3 -mantle di †erentiation may not in fact be common CH 3 OH and hence that both molecules could contemporaneously drive N-rich and O-rich chemistries in hot cores. This paper shows that, despite methanol ice being ubiquitous and ammonia ice appearing to be very abundant, hotcore theory can be reconciled with these observations and lead to new pathways to chemical di †erentiation in massive protostellar cores.
AMMONIA AND METHANOL IN HOT CORES
There are two important ingredients that have either been neglected or unappreciated in previous hot-core models. The Ðrst is that the chemistry driven by methanol is strongly inÑuenced by the presence of high abundances of ammonia In earlier models (Charnley et al. 1992 ; (Z10~6) . Caselli et al. 1993) , the presence of methanol and ammonia were assumed to be mutually exclusive. More recent models have assumed that both species coexist in the ices (e.g., Millar, Macdonald, & Gibb 1997 ; Viti & Williams 1999) but have not addressed their interaction and the relative sensitivity of their chemistries to temperature. This is perhaps caused by the omission of the highly exothermic reaction
which is not present in the UMIST reaction rate database (Millar, Farquhar, & Willacy 1997a) . In hot cores, a protonation cascade driven by cosmic-ray ionizations determines the relative abundances of the principal molecular cations, i.e.,
Thus, the e †ect of reaction (1) is that in gas the NH 3 -rich abundance of is suppressed, which in turn cur-CH 3 OH 2 tails the production of complex O-bearing molecules. Conversely, in gas, becomes the NH 3 -deÐcient CH 3 OH 2 dominant molecular ion and methyl cation transfer reactions, e.g.,
can proceed efficiently. Many large oxygen-rich organic molecules can be derived in this way, including dimethyl ether, acetic acid, acetone, and methyl formate . Ethanol and higher alcohols can also undergo analogous reactions (Charnley et al. 1995) . The second ingredient is the sensitivity of the nitrogen chemistry to the core temperature. At a core density of about 107 cm~3, there exists a critical temperature that, based on the abundances of O0, OH, and parti-O 2 , CO 2 , tions the composition to appear O-rich or O-deÐcient (Charnley 1997 ). Below about 230 K, these molecules can be very abundant, but in warmer cores most of the oxygen not in CO is channeled into Hydroxyl molecules and H 2 O. oxygen atoms play key roles in the chemical cycle that can maintain a high molecular nitrogen abundance over the age of a hot core :
The slow Ðrst step also produces N`, which reacts with H 2 to rapidly form the (n \ 1, 2, 3) species. The incorpor-NH n ation of O0 and OH into in an apparently O-deÐcient H 2 O environment leads to more nitrogen being broken out of N 2 and to an "" explosion ÏÏ in the production of reactive Nbearing species in the gas.
Previous models have either overlooked or masked these e †ects, as they considered temperature regimes and/or input parameters for which they are unimportant (e.g., Charnley et al. 1992 ). Here we report new calculations that show in detail how hot-core composition depends on core temperature and the ammonia/methanol ratio of the evaporated ices.
MODEL
The approach to modeling these sources has been described in many previous papers (Rodgers & Millar 1996 ; Charnley 1997 ; Hatchell et al. 1998 ; Viti & Williams 1999) . The chemical network was developed to study the formation of nitrogen-rich organic molecules and is described elsewhere (Charnley & Rodgers 2000) . BrieÑy, it involves the coupling of alkyl cation transfer pathways to the hotcore chemistry of HCN, and other simple N-bearing NH 3 , species. Because proton transfer reactions play a crucial role in determining hot-core abundances (reaction sequence [2] ), all exothermic proton transfer reactions involving the major mantle species and their more exotic products were included and assumed to proceed with a rate coefficient of 2 ] 10~9 cm3 s~1. Reaction exothermicities were determined from the data of Hunter & Lias (2000) .1 Many of these reactions are not included in the UMIST database (Millar et al. 1997a) ; they also play a critical role in cometary comae (Rodgers & Charnley 1998 ). An extensive table of new reactions will appear in Charnley & Rodgers (2000) ; for the purposes of our analysis here, we note that the most important addition is reaction (1).
Molecular ices are assumed to evaporate from grains instantaneously, yielding a gas phase containing the neutrals (gas phase abundances relative to in parentheses) : Gensheimer, Mauersberger, & Wilson 1996) . We also considered the case of no injection. NH 3 Acetylene and ethene were not injected from dust (cf. Charnley et al. 1992 ) since the high abundance of methane injected means that and molecules can still C 2 H 2 C 2 H 4 reach large abundances ([10~7) through the reaction of C`and to form followed by dissociative recom-CH 4 C 2 H 3 bination or proton transfer. The number density was H 2 taken to be 107 cm~3 and two values for the core temperature were adoptedÈ100 and 300 KÈto span the typical range of observed values. All other parameters were as found by Charnley (1997) except that cosmic-rayÈ induced photoprocesses (Prasad & Tarafdar 1983) were neglected.
RESULTS
We are primarily interested in understanding the qualitative di †erences that can occur in the models and only comment brieÑy on the relevance of each model to a particular source. We limit our discussion to speciÐc molecules taken to be indicative of oxygen and nitrogen "" richness ÏÏ ; their gas phase production pathways appear relatively well understood and have been discussed in detail elsewhere. Since in principle they can all be obtained from which N 2 , we consider to be abundant and ubiquitous in hot cores, we consider high abundances of nitrogen-bearing molecules in general, and and HCN in particular, to be indicators NH 3 of "" N-richness.ÏÏ As we now consider injection of high abundances of methanol and ethanol to be a common aspect of hot-core evolution, we take the abundances of molecules formed from and themÈHCOOCH
To discriminate between the e †ects of temperature and the presence of in the ices, we consider the results of NH 3 four models : (1) no ammonia, T \ 100 K ; (2) no ammonia, T \ 300 K ; (3) with ammonia, T \ 100 K ; (4) with ammonia, T \ 300 K. Results for the four models are shown in Figures 1, 2, 3 , and 4. We Ðrst describe the e †ect of temperature on chemistry for the case where no ammonia is injected from grain mantles.
T he E †ect of Core T emperature
The e †ect of T on hot-core oxygen chemistry is discussed by Charnley (1997) and we refer to that work throughout.
4.1.1. T \ 100 K Figure 1 shows the chemical evolution in a 100 K core with no ammonia injected, similar to earlier models of the Orion compact ridge (Charnley et al. 1992 ; Caselli et al. 1993) . The nitrogen chemistry is initiated by
and our results can be most generally understood by considering the subsequent fate of the N`and N0 released from The cycle of the reaction sequence (4) ensures that, at N 2 . 100 K, N0 is efficiently channeled back into Some N 2 . atomic nitrogen, however, can react with and HCO to CH 3 form HCN. Protonation of HCN followed by dissociative recombination produces the CN radical that reacts with acetylene to form cyanoacetylene :
The N`ions react rapidly with leading to and to H 2 , N H 4 ammonia, and NH. Some nitrogen can be transferred NH 2 since HCN can be synthesized from through the reac-NH 3 tion
followed by recombination or proton transfer to ammonia. The carbon ions are produced by He`attack on CO. Note that reaction (7) has traditionally been assumed to lead to the ion, in order to account for the HNC/HCN H 2 NCr atio of greater than one in cold interstellar clouds, but ab initio calculations by Talbi & Herbst (1998) that HCNH`is the favored product. Nitrogen is lost from the ammonia chain at 100 K through oxygen atom reactions :
where the last step is also a major production route for NO, which plays a key role in the removal of N0 (sequence [4] ). The net result is that only a small amount of nitrogen can be maintained in gas phase molecules other than This N 2 . persists only for about 2 ] 105 yr since, after this time, the OH and abundances "" collapse ÏÏ through ion-H 2 O molecule reactions (Charnley 1997) , the oxygen chemistry is dominated by O0 and and, consequently, the destruc-O 2 , tion reactions in (8) Figure 2 shows the evolution for a core temperature of 300 K. This model shows that pronounced N/O chemical di †erentiation could simply be a temperature/age e †ect. As in Figure 1 , the low abundance of ammonia at early times ensures that is the dominant ion, and alkyl cation CH 3 OH 2 transfer reactions lead to complex O-bearing organics after D104 yr but with lower peak abundances. At later times (D105 yr), when the O-bearing molecules have been destroyed, the high temperature allows the formation of large abundances of N-bearing molecules. This is because most of the oxygen is locked in throughout the age of H 2 O the core. The lack of OH and O0 means that the sequences (4) and (8) are driven much less efficiently and that far more reactive nitrogen is freed from In this case, nitrogen is N 2 . not efficiently lost from the ammonia chain since, apart from the suppression of (8), the endoergic neutral process
continually cycles nitrogen back into ammonia. Nitrogen can be transferred out of this cycle through C`in reaction (7). Dissociative recombination of HCNH`gives HCN and CN, and at 300 K the endoergic process
closes down this loss route. Hence, the net destruction rates of and HCN are very small and so nitrogen released NH 3 from is ultimately locked up in the chem-N 2 NH 3 -HCN istry ; this causes the HCN abundance to rise monotonically. The HCN abundance generated in the model of Figure 2 produces through the radiative associ-CH 3 CN ation reaction
followed by dissociative recombination or proton transfer to The low CN abundance at 300 K renders reaction NH 3 . (6) ine †ective ; however, in this case forms through HC 3 N the sequence
where the that initiates the Ðrst step comes from reac-C 3 H tions of atomic carbon and acetylene. At 300 K, a remnant methanol abundance of D10~7 coexists in the gas with the N-bearing molecules since the appreciable quantities of formed in the hot gas can preferentially reform NH 3 from via reaction (1). CH 3 OH CH 3 OH 2 4.2. T he E †ect of Ammonia Injection Figures 3 and 4 show the evolution when a large abundance of ammonia is evaporated from the grain mantles.
4.2.1. T \ 100 K Figure 3 shows the e †ect of injecting ammonia-rich mantles at 100 K. Comparing this with Figure 1 , it is clear that the presence of abundant early in the evolution NH 3 can have a very marked inÑuence on the subsequent chemistry. Most obviously, extends the lifetimes of meth-NH 3 anol and ethanol by about a factor of 10 to greater than 105 yr. This occurs because proton transfer from and CH 3 OH 2 to (e.g., reaction [1]), to simply reform the C 2 H 5 OH 2 NH 3 neutral alcohol, occurs in preference to dissociative recombination or alkyl cation transfer. The peak abundances of complex O-bearing daughters also occur around 10 times later and are lower than when no is injected (Fig. 1) . NH 3 The injected from the mantles is eventually destroyed NH 3 at 100 K since most of the positive charge is in which NH 4 , recombines to and The is destroyed NH 3 NH 2 . NH 2 mainly by the reactions of (8) and eventually the ammonia abundance relaxes to that of model 1.
Ammonia in the precursor ices does lead to enhanced abundances of nitrogen-bearing daughter molecules, relative to model 1, since reactions (7), (6), and (11) are driven more efficiently. The timescale for the peak abundances of HCN, and to occur is D3 ] 105 yr, slightly HC 3 N, CH 3 CN later than the time at which the O-rich molecules peak (D105 yr). However, even at the earlier O-rich peak, appreciable quantities of N-bearing molecules have formed, so both types of species will again coexist in the warm gas. Figure 4 shows the e †ect of ammonia injection at 300 K and illustrates once again the chemical importance of NH 3 as a proton acceptor. Again methanol and ethanol have long lifetimes and, because the steady-state abundance of at 300 K is high (cf. Fig. 2) , it is never fully destroyed, NH 3 so the abundances of and are always CH 3 OH 2 C 2 H 5 OH 2 suppressed. Consequently, the abundances of complex Obearing molecules never increase signiÐcantly above about 10~9. As in the 100 K model of Figure 3 , reaction (7) provides a plentiful source of HCN. The abundance of HCN never peaks but instead increases monotonically with time, as in the 300 K model of Figure 2 . This leads to much higher abundances of by the sequence (12) and of HC 3 N C H 3 CN in (11) since the and formed will pref-CH 3
T \ 300 K
CNH`H 2 C 3 Nè rentially undergo proton transfer as opposed to dissociative recombination (cf. Figs. 1 and 2 ).
OBSERVED HOT CORES
We now show brieÑy how results from these four models can be used to interpret recent observations of hot core
sources. In doing so, we must remember that outÑows and shocks may have a dramatic impact on their chemical state, so we assume that, as cooling times are rapid compared to those of interest for the long-term chemical evolution of hot cores, our results are also applicable in this case. We expect that sputtering of ices in shock waves will occur but also that high-temperature gas phase reactions will also contribute to the initial state our models assume ; that is, any preshock nitrogen atoms will be converted to ammonia.
5.1. Orion Perhaps the most interesting scenario is model 2, in which ammonia-free mantles are injected into 300 K gas. In this case (Fig. 2 ) N/O di †erentiation is a time-dependent e †ect and suggests that, contrary to previous models, the di †erence between the Orion compact ridge (B100 K) and the hot core (B300 K) is simply because of the fact that mantle evaporation took place earlier in the hot core and that both sources originally had mantles of similar composition. Wyrowski et al. (1997 Wyrowski et al. ( , 1999 report high-resolution observations of a warm clump containing masers, H 2 O which is probably a hot core, and a continuum source that is probably a young ultracompact H II (UC H II) region. These sources are spatially o †set by about 0.06 pc and yet they exhibit clear signs of N/O di †erentiation. Both sources show emission from and 1997, 1999) , as well as from HCN (Turner & Welch 1984) and (Wilson, Gaume, & Johnston 1993) . These CH 3 CN observations can be explained by model 2 but only if the UC H II region is actually younger than the hot core. This is counterintuitive and runs against the evolutionary sequence accepted for massive protostellar evolution (Kurtz et al. 2000) . Models with high ammonia abundances injected from mantles extend the chemical timescales and exacerbate this discrepancy. It appears that the only way to reconcile the observed chemical di †erentiation in this case is to appeal to chemical reactions that can produce a nitrogenrich hot core more rapidly (\104 yr) than the time for the UC H II region to reach its present stateÈi.e., to shock chemistry. Such a scenario is in harmony with the presence of maser and outÑows in this source.
W 3(OH)
5.3. G29.96-0.02 Pratap et al. (1999) Olmi, Cesaroni, & Walmsley (1993) and of Cesaroni et al. (1994) . The emission arises solely CH 3 OH from "" quiescent gas ÏÏ with no contribution from the hot core. The high abundances of ([10~7) and CH 3 CN NH 3 ([10~6), and the absence of are consistent with CH 3 OH, our results in Figure 4 but only for a core age of at least one million years. This age is probably unrealistically long for a hot core, but this prediction could be tested since it would imply a very large HCN abundance ([10~5) in this source. Alternatively, these observations may also require a shock interpretation to lower the inferred chemical evolution timescales to be consistent with the dynamical ones.
G5.89-0.39
The complete absence of complex O-bearing molecules except for methanol, the prevalence of emission SO 2 (Charnley 1997) , and the presence of and NH 3 , HC 3 N, all suggest a chemically highly evolved source. CH 3 CN, Model 4 best produces the observed high abundances, and the long chemical timescales required are in accord with the suggestion of Thompson & Macdonald (1999) that the G5.89 envelope has been chemically evolving longer than dynamical ages of both the UC H II region and the outÑow source.
CONCLUSIONS
Around massive protostars, chemical di †erentiation between nitrogen-bearing and oxygen-bearing molecules may occur in one of three ways. First, it may simply be caused by the mutually exclusive presence of and CH 3 OH ice (Charnley et al. 1992 ; Caselli et al. 1993) . We dis-NH 3 count this possibility because of the ubiquity of methanol ice around protostars and the growing evidence, in some sources at least, that ammonia ice may be very abundant. Second, if ammonia is absent from the ices, then hightemperature gas (300 K) will evolve to an oxygen-rich state in D104 yr and thereafter, in D105 yr, to a nitrogen-rich state containing high abundances of ammonia, HCN ([10~6) and other nitriles, as well as some remnant methanol. In cooler gas (100 K), these mantles drive a similar oxygen chemistry and the N-bearing molecules evolve on a similar timescale but never attain abundances in excess of a few times 10~8. Third, when large abundances of are NH 3 injected into 300 K gas, high abundances of O-bearing organics never develop, although the injected alcohols remain abundant for much longer ; such cores will always appear N-rich.
The presence of ammonia in the original ice mantles of well-evolved hot cores at 300 K can be distinguished by the presence of ammonia abundances in excess of 10~7, high abundances ([1 ] 10~7), and a CH 3 CN CH 3 CN/HC 3 N abundance ratio greater than unity. Cooler cores with ammonia abundances much in excess of 10~8, HCN abundances above 10~7, and detectable amounts of CH 3 CN must have had ammonia-rich mantles. The temperature dependence of (10) ensures that the CN abundance has a very strong inverse correlation with the temperature. Thus, when CN is observed toward protostellar cores, it is most likely to be in the cooler envelope surrounding the hot core.
Hot core ages may be signiÐcantly underestimated if based on the high (peak) abundances of complex O-bearing moleculesÈour calculations suggest that some cores could be much older, close to the end of their expected lives, than previously thought. When compared with observations of some sources, our models indicate chemical evolution timescales that are incompatible with those inferred from the dynamical evolution of massive protostellar cores. In these cases, rapid chemical change in the core must be caused by shock chemistry (Charnley & Kaufman 2000) . Generally, our results suggest that, apart from a grain-synthesis NH 3 , origin for N-bearing molecules in hot cores is not required. Our computed HCN and abundances are close to C 2 H 2 those determined for several hot cores by Lahuis & van Dishoeck (2000) . Other calculations suggest that EtCN and VyCN can also be formed in the gas (Charnley & Rodgers 2000) . The highest HCN abundances that our models predict (D10~5) are not observed in hot cores ; this is most likely caused by the fact that these regions will not survive for more than a million years. Rather, it is thought that over such timescales hot cores will evolve into UC H II regions (e.g., Kurtz et al. 2000) .
Large HCN abundances are a "" pathological ÏÏ feature of these models. Models with injection at 300 K, and NH 3 which include cosmic-rayÈinduced photolysis, have the abundances of most N-bearing molecules signiÐcantly lowered at t [ 5 ] 105yr (Charnley & Rodgers 2000) . For example, the abundance of in Figure 4 would drop CH 3 CN by a factor of about 100. However, Prasad-Tarafdar photons break down efficiently, and this leads to much N 2 higher N0 abundances in the models and to an HCN production rate that can o †set its photodissociation rate.
Finally, as it accretes material, a young protostar will heat a surrounding dense spherical envelope of gas and dust. The existence of radial gradients in dust and gas temperatures, approximately equal to will lead to the T gr (r, t), evolution of strong, small-scale, spatial abundance gradients around protostars. The chemical di †erentiation described in this paper should therefore also occur in models of this process. This problem will be addressed elsewhere (S. D. Rodgers & S. B. Charnley, 2000, in preparation) . These issues will ultimately be clariÐed through combined gas and solid phase line-of-sight observations toward massive protostars. Determining the chemical state of the hot gas closest to a sample of protostars, in combination with IR measurements of the solid ratio in the outer envelope, which presum-CH 3 OH/NH 3 ably set the initial conditions for the hot core evolution, would be most useful.
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